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Introduction
In the search for better cathode materials for lithium-ion batteries, researchers have had considerable success developing and optimizing materials with spinel, 1 olivine, 2 or layered 3 structures. However to realize non-incremental improvements in battery capacity, reliability, and safety it may be necessary to develop cathode materials with different crystal structures. An ideal cathode material should combine thermal stability, high voltage, and high lithium mobility and capacity, but it is difficult to achieve these goals in one material. Materials containing polyatomic phosphate (PO 4 ) 3anions tend to have higher thermal stability than oxides with comparable voltages, 2, 4-7 but these large and heavy anions adversely affect specific capacity. One way to compensate for this loss of capacity would be to develop a material that contains a polyatomic anion and is capable of reversibly inserting two lithium ions per redox-active metal ion. Recent studies indicate that materials with a structure similar to LiFe(PO 4 )(OH) (tavorite) might be able to achieve this goal.
Tavorite belongs to a class of materials with the general formula AM(TO 4 )X, where A is typically an alkali or alkaline-earth element, M is a metal, T is a p-block element, and X is O, OH, or F. The structure consists of vertex-linked one-dimensional chains of MO 4 X 2 octahedra connected by TO 4 tetrahedra. The X anions are located at the vertices shared by neighboring MO 4 X 2 octahedra, and the A cations may be located at a number of sites throughout the framework (Figure 1 ). There are numerous minerals in this class, including LiAl(PO 4 )F (amblygonite) and CaTiO(SiO 4 ) (titanite), but for clarity we will refer to materials in this class as tavorite-structured. Marx have demonstrated reversible lithium insertion in Fe(SO 4 )(OH). 10 One of the first tavorite-structured materials considered for lithium-ion batteries was α-LiVO(PO 4 ), which was shown to have a capacity of 126 mAh/g at 3.8 V. 11 Barker et al. demonstrated that the substitution of fluorine for oxygen to create tavorite-structured LiV(PO 4 )F increases the voltage to about 4.2 V and increases the rate capability of the material. 12, 13 Their work on a symmetric LiV(PO 4 )F / LiV(PO 4 )F cell also demonstrated that the tavorite structure can cycle lithium between compositions M(TO 4 )X and Li 2 M(TO 4 )X. 14 In addition, tavorite-structured LiV(PO 4 )F demonstrates exceptional thermal stability, exceeding that of olivine LiFe(PO 4 ). 15, 16 Following up on a report of good lithium-ion conductivity in tavorite-structured LiMg(SO 4 )F, 17 Recham et al. recently demonstrated high-rate lithium insertion in tavorite-structured LiFe(SO 4 )F. 18 In another paper, Recham et al. showed that it is possible to insert additional lithium into LiTi(PO 4 )F, taking advantage of the Ti 2+ /Ti 3+ redox couple. 19 Ramesh et al. 
demonstrated that
LiFe(PO 4 )F can incorporate two lithium ions per redox-active metal, as evidenced by reversible cycling between LiFe(PO 4 )F and Li 2 Fe(PO 4 )F. 20 These results suggest that given the right chemistry, it may be possible to find a tavorite-structured electrode material with high capacitiy, excellent stability, and the ability to insert lithium at high rates.
In this paper we use high-throughput computing to search for promising tavorite-structured cathode materials.
We substitute seventeen redox-active metals ( Table 1) into tavorite-structured oxyphosphates, fluorophosphates, oxysulfates, and fluorosulfates, and for each host material we calculate the average voltages for insertion of both one and two lithium ions per metal ion. To screen out compounds that are unlikely to be sufficiently stable for use in batteries, we evaluate the stability of each candidate material against a database of nearly 100,000 materials for which we have calculated energies. 21 To better understand the rate capabilities of tavorite-structured materials, we model lithium diffusion through three well-known tavorite-structured compounds: VO(PO 4 ), V(PO 4 )F, and Fe(SO 4 )F.
Our results highlight several promising chemistries, including a number that may be capable of inserting two lithium ions per redox-active metal.
Methods
The average voltage relative to lithium metal for lithium insertion into a host material M is given by
where V is the voltage, ( ) G is the Gibbs free energy per formula unit, and z is the elementary charge per lithium ion ( 1 z = ). Because the contribution of pressure and entropy to the free-energy differences is expected to be relatively small, 22 equation (1) is well-approximated by considering only energies:
where ( ) E is the energy per formula unit. To calculate the energies in equation (2), we use spinpolarized density functional theory 23 (DFT) with the Perdew-Burke-Ernzerhof (PBE) exchangecorrelation functional 24 as implemented in the Vienna Ab-initio Simulation Package (VASP). 25 To calculate accurate voltages for transition metal oxides, 26 we use the generalized gradient approximation with Hubbard U corrections (GGA+U) in the rotationally invariant form proposed by Dudarev et al. 27 The (U-J) parameters, provided in Table 1 , were fit to empirical oxidation energies as described in reference 28. The only exception was cobalt, for which we found that a (U-J) value of 5.7, similar to the values found by Zhou et al., 26 produces better results. A k-point density of 500 k-points per reciprocal atom was used for all calculations. All cells were allowed to fully relax, and precision for all calculations was set to "high", which increases the plane-wave cutoff energy by 25% above the VASP default. The electronic and ionic minimization convergence criteria were set to the VASP defaults of 1 meV per unit cell and 10 meV per unit cell respectively. Initial magnetic moments were set to highspin (MAGMOM = 5) for Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Ag, Ta, and W, and low-spin (MAGMOM = 0.6) for the other elements. It was found that cobalt frequently does not relax to a lowspin ground state when initialized in a high-spin state, even if the low-spin state has lower energy. For this reason all Co-containing calculations were run twice, initialized in both high-spin and low-spin states, and the calculation resulting in the lowest energy was used. All voltage calculations were run both with both ferromagnetic and antiferromagnetic spin initialization, and in all cases the result with lowest energy was used. VASP calculations were managed using the AFLOW/ACONVASP framework. 29 We have compiled a database of nearly 100,000 structural energies calculated using these same parameters, with the following exceptions: In the database all calculations were initialized in a ferromagnetic spin state, the electronic minimization convergence criterion was set to 5×10 -5 eV per atom, and the ionic minimization convergence criterion was set to 5×10 -4 eV per atom. The settings used for the energies in the database are well-suited for high-throughput calculations, but they will typically result in slightly higher calculated energies than the settings used in this paper. In almost all cases the difference is less than 10 meV / atom. To assess the thermodynamic stability and oxygen chemical potential of each tavorite-structured compound in this paper, we compared the energy of each compound to a thermodynamic hull constructed from the compounds in our database according to the methodology outlined by Ong et al. 30 Stability for a given compound is evaluated against any linear combination of compounds in the database that have the same averaged composition. To evaluate thermodynamic stability against oxygen gas, we fit the oxygen chemical potential to experimental data as outlined by Wang et al. 31 and used a reference temperature of 298 K and a partial pressure of 1 atm. perturbing the initial positions of the atoms. In all cases the final relaxed energy changed by less than 10 meV per atom, suggesting that the constraint of inversion symmetry does not significantly affect the calculated energies.
The activation energy for diffusion was determined by a two-step process: first, a screened Coulomb potential with exponential repulsion was used to identify the topology of likely diffusion paths and generate a set of possible lithium hops. The activation energy for each hop was then calculated by density functional theory, using the nudged elastic band (NEB) method as implemented in VASP compiled with the VASP Transition State Tools. [33] [34] [35] For each NEB calculation, sufficient images were used to ensure that the initial lithium positions in successive images were no more than 0.5 Å from each other. All NEB calculations were initialized with a ferromagnetic spin state, and to avoid ambiguity regarding the localization of electrons, pure GGA (without the Hubbard U correction) was used. Tests on Fe(SO 4 )F and V(PO 4 )F indicated that these choices had little effect on the calculated activation energies. Each NEB calculation was performed on a supercell large enough to ensure that no lithium ion was within 8 Å from its periodic image, resulting in compositions of Li 1/10 V(PO 4 )F, Li 1/10 Fe(SO 4 )F, and Li 1/12 VO(PO 4 ). The volume was frozen at the volume of the relaxed delithiated structure, and only the k-point located at Г (the Brillouin zone center) was used. Ions were relaxed using the global limited-memory Broyden-Fletcher-Goldfarb-Shannon method as implemented in the VASP Transition State Tools. 36, 37 The network of hops was exhaustively searched to find the minimum-energy path from one lithium site to a transitionally equivalent site. To calculate the energy at the saddle point, cubic splines were fit through the images along each hop.
Results
The calculated lithium insertion voltages and volume changes for the tavorite-structured fluorophosphates, fluorosulfates, oxyphosphates, and oxysulfates considered in this study are given in Table 2 , Table 3 , Table 4 , and Table 5 For Li x V(PO 4 )F with 0 < x < 1, we underestimate the voltage by about 0.4 eV, but we are close to the experimental value for x > 1. Another computational study using similar methods also underestimated the voltage of this material, although to a lesser extent. 38 For Li x Ti(PO 4 )F we predict significantly lower voltages than reported experimentally, especially for the uncommon Ti 2+ /Ti 3+ redox couple. 19 A similar underestimation of the voltage for titanium phosphates has previously been observed in calculations using the local density approximation. 39, 40 For both Ti and V, the (U-J) value we used, which was calibrated to oxides, may not be the optimal value to calculate energies for oxyfluorides.
This may be true for other early transition metals as well, implying that for these materials the voltages To screen out compounds that are unlikely to be stable, for each material we searched our database of materials to identify the decomposition reaction with the greatest decomposition energy. In our experience, any compound that releases more than 0.1 eV / atom in energy upon decomposition is unlikely to be stable enough for use in a commercial battery. This simple test, which all known commercial cathode materials pass, enables us to screen out a large number of the tavorite-structured candidates. In Tables 1-4 we have highlighted with an asterisk (*) the cells for which both endmembers of the insertion reaction pass this test, and we provide the total specific energy and energy density for these steps relative to a metallic lithium anode. We emphasize that the materials highlighted with an asterisk are the least likely to be unstable, but this is not a guarantee of either stability or metastability. Many of these materials are predicted to decompose exothermically, although with a relatively small decomposition energy as is often found for highly metastable materials. In addition, it is possible that our database is missing some decomposition products, in which case we may be underestimating the decomposition energy of some compounds. Because adding additional entries to our database could not possibly decrease the decomposition energies, we find that the stability screen is most useful in eliminating candidates that are unlikely to be stable.
The decomposition energy can also be used to identify compounds that may be difficult to synthesize.
We find that it is often difficult to directly synthesize compounds that are predicted to release more than 30 meV per atom upon decomposition. We have found that the calculated oxygen chemical potential at which O 2 is released is a good proxy for the safety of a cathode material at high temperatures. 43, 44 To evaluate the safety of the materials considered in this paper, we have calculated the oxygen chemical potentials of each material in the fully delithiated state. The materials that pass the thermodynamic stability screen, are not predicted to release oxygen at room temperature, and are predicted to insert lithium at more than 1V relative to lithium metal are shown in Figure 2 . By these metrics, the known tavorite cathode materials VO(PO 4 ), V(PO 4 )F, and Fe(SO 4 )F are among the safest and most stable tavorite-structured materials that insert lithium at more than 3V relative to lithium metal. Materials with similar values for voltage, oxygen chemical potential, and thermodynamic stability include Mo(PO 4 )F and MoO(PO 4 ).
The experimentally-resolved structures of LiFe(PO 4 )F and LiFe(SO 4 )F each contain two partiallyoccupied symmetrically-distinct lithium sites that are within 1Å of each other. 18, 20 In almost all of the LiFe(SO 4 )F respectively. These discrepancies could be due to differences in computational parameters.
To evaluate lithium diffusion through tavorite-structured materials, we calculated the activation energies for diffusion in the dilute limit along all diffusion paths through V(PO 4 )F, Fe(SO 4 )F, and VO(PO 4 ). Using the coordinate system of the LiFe(SO 4 )F structural data provided in reference 18, we find the lowest activation energy in all three structures is along the [111] direction ( Figure 3 ). Because both site Li1 and site Li2 are either on or very close to this path, the diffusion path is unlikely to depend on which site lithium occupies. This appears to be the same path found by Liu and Huang, 46 and the activation energy we calculated (0.208 eV) is similar to the migration energy (0.3 eV) they calculated.
However Liu and Huang calculate the activation energy for diffusion as a sum of the migration energy and half of the lithium vacancy formation energy. 46 We do not believe that this approach is justified, as vacancies are created by electrochemical delithiation. Only for thermally controlled vacancy concentrations would the vacancy formation energy contribute to the activation energy for diffusion.
Hence, it is sufficient to treat the "migration energy" as the activation energy.
We predict that in all three tavorite-structured materials diffusion occurs primarily along isolated channels. The calculated diffusion barriers for hops between channels are at least 250 meV higher than the diffusion barriers for transport along the channels, effectively making these materials onedimensional diffusers. Adams and Rao have used a force-field method to arrive at a similar result, 47 but
Tripathi et al. have used a potential model to predict that LiFe(SO 4 )F is effectively a three-dimensional lithium-ion conductor. 48 We believe the differences in these results are due to the different energy models used, and that the density functional theory results presented in this paper are the most accurate.
The activation energies to enable lithium diffusion in one, two, and three dimensions are given in Table   7 , and the lowest-energy diffusion paths in three dimensions are shown in Figure 3 . An input file for visualizing these paths using the VESTA 49 software package are provided in the supporting information.
Under the assumption that the rate of diffusion follows the Arrhenius equation, at room temperature one-dimensional diffusion is predicted to be faster than two-dimensional diffusion by a factor that ranges from approximately 4×10 4 (for VOPO 4 ) to 2×10 8 (for FeSO 4 F).
A rough estimate of diffusion coefficients can be derived from these activation energies using transition-state theory, in which the diffusion coefficient D in the dilute limit is given by
where a is the length of a diffusion jump, v is the attempt frequency, and a E is the activation energy, and kT is Boltzmann's constant times the temperature. 50, 51 A reasonable approximation for v is 10 12
Hz, roughly a typical phonon frequency. 50, 52 From Equation (3), the room-temperature diffusion coefficients for VO(PO 4 ), V(PO 4 )F, and Fe(SO 4 )F in the dilute limit are estimated to be 1×10 -11 , 2×10 -9 , and 2×10 -7 cm 2 /s respectively. We stress that these are diffusion coefficients for diffusion along the one-dimensional channels, which requires unblocked channels. 53 Any channel blocking or defects may require activation of the two-dimensional or three-dimensional diffusion mechanisms.
Discussion
Of the tavorite-structured materials considered in this paper, the fluorine-containing compounds are generally more stable than those without fluorine, and the phosphates are in general more stable than the sulfates. The stability of the fluorophosphates combined with the low activation energy for lithium diffusion in V(PO 4 )F ( Table 7) suggests that fluorophosphates might hold the most promise as high-rate cathode materials. Fluorosulfates are similarly promising, although it is unlikely that any fluorosulfate can accommodate two lithium ions per redox-active metal. This is to be expected, as it would require the redox-active metal be reduced to a 1+ oxidation state.
Based on both the thermodynamic stability screen and the chemical potential at which oxygen release is predicted to occur, the materials most likely to be able to reversibly insert two lithium ions per redox-active metal are V(PO 4 )F, MoO(PO 4 ), WO(PO 4 ), and NbO(PO 4 ). This prediction is consistent with experimental results for V(PO 4 )F. 14 These materials contain early transition metals, which are often able to exchange more than one electron without significantly destabilizing the material. Materials containing redox-active early transition metals tend to have lower average voltages than state-of-the-art cathode materials, but in the four materials listed above this lower voltage is somewhat offset by higher theoretical gravimetric and volumetric capacities ( Table 2 , Table 4 ). The energy density and specific energies of these materials may be underestimated, as we have already noted that we predict a lower voltage than is experimentally observed for some tavorite-structured materials containing early transition metals. In each of these materials we predict a voltage step of at least 1V, which may make it difficult to realize their full capacity in lithium-ion batteries.
Several of the chemistries considered in this paper both pass the thermodynamic stability screen and are relatively "safe", as measured by the oxygen chemical potential in the fully delithiated state ( Figure   2 ). Of particular note is MoO(PO 4 ), a material that could insert two lithium ions per redox-active metal based on our stability screen. MoO(PO 4 ) has an oxygen chemical potential similar to that of LiFe(PO 4 ), one of the safest known commercial cathode materials.
The calculated activation energy for one-dimensional diffusion in Fe(SO 4 )F (208 meV) is significantly lower than the experimentally-determined activation energy of ~990 meV for lithium insertion. 18 There are a number of possible explanations for this discrepancy. We have calculated the activation energies for lithium diffusion in the dilute limit (i.e. through FeSO 4 F), whereas experiments were conducted on LiFe(SO 4 )F. 18 It is possible that structural changes upon lithiation or lithium-lithium interactions account for some of the difference between the calculated and measured value. 52 These results suggest that the composition dependence of the activation energy is not sufficient to explain the apparent difference between theory and experiment.
Another possible explanation for the discrepancy between the experimental and theoretical activation energies is that defects in the host material may block the one-dimensional low-energy path, and the rate-determining step may involve lithium diffusion around these defects. The fact that the calculated activation energy for two-dimensional diffusion (700 meV) is much closer to the experimental activation energies is consistent with this explanation. A similar mechanism has recently been proposed to explain why experimentally-measured lithium diffusion in large LiFe(PO 4 ) particles is slower and more anisotropic than theoretically predicted. [52] [53] [54] [55] In contrast to large particles, in small LiFe(PO 4 ) particles in which it may be possible to transverse the entire length of the one-dimensional diffusion pathway without encountering a defect, experimental evidence indicates that lithium diffusion is very fast. 56, 57 It is possible that similar size-dependent diffusivity might be observed in tavorite-structured compounds. Because the calculated one-dimensional activation energy for diffusion in Fe(SO 4 )F is close to that of Fe(PO 4 ), 52 the very high rates seen in small Fe(PO 4 ) particles might also be obtained in small, low-defect Fe(SO 4 )F particles.
Since it is unlikely that in large particles of LiFe(SO 4 )F the channels are completely defect-free, the good rate capability observed in this compound 18 can not solely be attributed to the low activation energy for lithium diffusion in the channels. Therefore a reasonable mechanism for cross-over between the channels is required. Cross-over can occur through the two-dimensional or three-dimensional hop mechanisms that we identified in the perfect structure ( Figure 3 ). If one considers that a cross-over jump is the critical activated process, then the effective diffusion rate will be roughly proportional to
where a E is the activation barrier for hops between channels and a is the distance between channel-blocking defects. Thus if lithium migration around channel-blocking defects is the ratelimiting step, there may be both a larger prefactor and a higher activation energy for diffusivity than there would be in a perfect crystal. It is also possible that channel-blocking defects may facilitate the transfer of lithium between channels by lowering the activation energy for lithium movement between channels, as has been predicted in LiFe(PO 4 ). 52, 53 There are two wide channels in tavorite-structured materials (Figure 3c and Figure 3d ) that are not quite symmetrically equivalent due to minor rotations in the octahedral and tetrahedral groups.
Intuitively, it might seem that diffusion occurs readily through these channels, but we do not calculate this to be the case. The low-energy path for one-dimensional diffusion is not along either of these channels. One of the channels contains the minimum-energy path that enables two-dimensional diffusion, and the other contains the minimum-energy path that enables three-dimensional diffusion.
The relatively high activation energies for diffusion along these channels may be due to the fact that passage through these channels requires the lithium ion to pass near the faces of two PO 4 or SO 4 tetrahedra, which results in large electrostatic repulsion with the P 5+ or S 6+ cations. In contrast, the lowenergy path for one-dimensional diffusion does not pass by the faces of any PO 4 or SO 4 tetrahedra.
Although the low-energy path does not pass by the faces of any PO 4 or SO 4 tetrahedra, it does pass between the faces of two MO 4 X 2 octahedra. The activation energy for diffusion on the low-energy path is determined by the difference in energy between a low-energy site near an X anion and the highenergy saddle point that is face-sharing with two MO 4 X 2 octahedra. Greater negative charge on the X anion decreases the electrostatic energy of the low-energy site, and greater positive charge on the M cations increases the energy of the saddle point. Thus we can expect diffusion to be fastest when the X anion has an oxidation state of -1, and the M cation has a low oxidation state. This is consistent with our calculated data ( Table 7 ). The fluorides have the lowest activation energies for diffusion, and the diffusion barriers (463, 328 and 208 meV) decrease as the oxidation states on the respective M cations decrease (+5, +4, and +3). In general, we expect that this correlation between oxidation states close to zero and low diffusion barriers may be observed in a variety of materials, as it leads to a flatter electrostatic potential energy surface.
Conclusions
We have used high-throughput calculations to evaluate 64 different tavorite-structured cathode materials for lithium-ion batteries. Of these, we have identified four chemistries that we believe are most likely to be able to reversibly insert two lithium-ions per redox-active metal, resulting in capacities up to 300 mAh/g. Our calculations indicate that based on stability and diffusion barriers, the fluorosulfate and fluorophosphate families of materials are the most promising, and the oxysulfate family is the least. In addition, we have calculated activation energies for lithium diffusion through the SYNOPSIS TOC. Density functional theory is used to identify promising chemistries for tavoritestructured cathode materials and provide a possible explanation for an apparent discrepancy between measured and calculated activation energies for lithium ion diffusion.
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